In the summer of 1994, meteorological measurements were performed on Pasterze Glacier in the eastern Alps. One of the most remarkable observations concerning the observed climate was the persistent glacier wind. On the relatively large glacier, which has a length of 9.6 km, the gravity wind at the lower parts of the glacier is well developed and has a thickness of about 100 m. To determine the mechanisms that cause the steady-state glacier wind, the author calculated its vertically integrated budgets of momentum, heat, and moisture at a spot on the lower glacier tongue. It was found that the sum of interfacial and surface friction account for only half of the momentum dissipation of the glacier wind; the rest of the katabatic force is most probably balanced by the mesoscale pressure gradient that drives the valley wind above the katabatic layer. The heat and moisture budgets of the boundary layer show simple two-term balances: heat is lost through the turbulent flux of sensible heat at the surface (on average 50 W m 2 ) and gained by the downward transport of air. Moisture is added to the katabatic layer by entrainment and lost through condensation at the surface, but on average the moisture fluxes are small. The entrainment velocity, averaged over the length of the glacier, was estimated to be 2.4 cm s 1 ; it reduces to 0.7 cm s 1 at the glacier tongue, which was estimated by closing the local moisture budget.
Introduction
During the last century, there has been a global sea level rise of approximately 15 cm (Warrick and Oerlemans 1990) . It is presently believed that this rise in sea level can be ascribed to the thermal expansion of sea water and the worldwide retreat of glaciers (Oerlemans and Fortuin 1992; Oerlemans 1994) . In order to study the interaction between atmospheric conditions and glacier melt, a glacio-meteorological experiment was performed on Pasterze Glacier in the summer of 1994 (PASTEX) . Conditions in the recent past have been very unfavorable for this ice mass-in the past 150 years, the tongue of the Pasterze has retreated more than 1.5 km and lost about half of its volume.
One of the most outstanding features of the glacier climate during PASTEX was the very persistent glacier wind. Glacier winds occur when the surface is at the melting point and warm air that is heated above nearby rocks and bare soil is advected over the melting ice by local large-scale winds. The air near the surface cools and starts to flow down the incline of the glacier. Glacier winds can persist as long as the surface melts-that is, throughout the summer. They are important for the energy balance of the glacier surface because they generate turbulence that effectively exchanges heat between the warm atmosphere and the ice surface. For that reason, they have received attention from mass balance modelers (Hoinkes 1954; Martin 1975; Kuhn 1978; van den Broeke 1996a) .
Other papers deal with the detailed structure of the atmospheric boundary layer over a melting glacier (Munro and Davies 1977; Holmgren 1971 ) and the application of surface-layer similarity theory in the glacier boundary layer (Munro and Davies 1978; Munro 1989 ). On average, glacier winds are very shallow (typically on the order of several tens of meters) with a wind speed maximum only a few meters above the surface. That is why application of Monin-Obukhov similarity theory, often used to calculate the turbulent fluxes of sensible and latent heat from the mean profiles of wind speed, temperature, and moisture, is restricted to the lowest 1-2 m above the surface (Munro and Davies 1978) . According to a study of the atmospheric boundary layer over four glaciers by Ohata (1989a) , glacier winds are more persistent over large glaciers in a warm environment. This is confirmed by, for instance, persistent glacier winds that have been observed in the melting zone of the Greenland ice sheet (Duynkerke and van den Broeke 1994; van den Broeke et al. 1994a ) and over the San Rafael glacier in Patagonia (Ohata 1989b) . Stenning et al. (1981) discussed the influence of synoptic pressure gradients on the glacier winds on Peyto Glacier in Canada and concluded that the katabatic force in the VOLUME 
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FIG. 1. Definition of variables:
h s is elevation of the surface, h is layer integration depth, H is characteristic depth (appendix A), u is downslope wind speed owing to katabatic flow, u is integration-layeraveraged downslope wind speed, U is characteristic wind speed (appendix A), and W e denotes the entrainment velocity.
surface layer is many times larger than the synoptic pressure gradient, which explains the persistence of glacier winds. Glacier winds in the eastern Alps and also above Pasterze Glacier have been documented at an early stage (Tollner 1935; Tollner 1952) .
In this paper, we focus on the average characteristics of the steady-state atmospheric boundary layer during a fair weather period and estimate the layer-integrated budgets of momentum, heat, and moisture. Glacier winds in the melting zone of the Greenland ice sheet have been subjected to a similar analysis (van den Broeke et al. 1994b ). First, we will present the vertically integrated budget equations, describe the experimental setup, and present some of the typical meteorological conditions during the experiment. After making some additional simplifications, we will estimate the budgets of momentum, heat, and moisture for a site at the lower glacier tongue. In the appendixes, we calculate the characteristic scales and other parameters that are useful for hydraulic modeling of glacier flow and briefly discuss the linear stability of the normal flow solution. A more detailed analysis of the variation of meteorological parameters in space and time during PASTEX will be given in forthcoming papers (Greuell et al. 1996, manuscript submitted to J. Appl. Meteor.; van den Broeke 1996b) .
Budget equations for glacier wind
The positive x axis is aligned horizontally and points in the downslope direction; the z axis points upward (Fig. 1) . The names ''glacier wind,'' ''katabatic layer,'' and ''boundary layer'' all refer to the layer enclosed by the surface h s , and the level h s h, where the influence of the glacier wind vanishes. Mostly, we will follow the approach of Mahrt (1982) and van den Broeke et al. (1994b) . First, we partition the dependent variables ( can be u, , or q) according to
where 0 refers to the background state that is not influenced by the downslope flow, while represents the mean deviation of the variable from this background state caused by the katabatic flow, and denotes turbulent fluctuations from the mean. The typical time-and length scales of the glacier flow are small enough to neglect effects of the rotation of the earth. Because the glacier wind is only several tens of meters thick, we will neglect cooling or warming owing to radiation divergence within the katabatic layer. The undisturbed background state is assumed to be horizontally homogeneous and stationary. Thus, the background fields of temperature and moisture only depend on altitude, while the deviations from the background state are f (t, x, z) . The geostrophic wind is assumed to be constant with height throughout the boundary layer. With these simplifications, Eqs. (2)-(6) describe the conservation of downslope wind speed u, potential temperature deviation , specific humidity deviation q, and mass in the turbulent glacier boundary layer, as follows: For convenience and in order to relate the observed structure of the boundary layer to the various terms of the heat, mass, and momentum budget, we use the hydraulic approach (Manins and Sawford 1979) . This means that we will treat the katabatic layer as a layer without vertical structure. This approach is justified since we are only interested in the budgets of the boundary layer in this study and not so much in the detailed vertical distribution of the different variables. In order to obtain the equivalent layer-integrated variables, we integrate the equations from the ice surface h s to the level h s h. Let the double bar for any depth-integrated independent variable be defined by
where the integration depth h has been taken as constant along the x axis. The vertically integrated equations (2)-(6) for stationary glacier wind then become
where z z h s -that is, the height above surface level. Here, and q denote the lapse rates of potential temperature and specific humidity in the free atmosphere, 0 /z and q 0 /z. The first term on the rhs of (7), (8), and (9) represents the flux form of the advection terms. Using the integrated continuity equation (10), this term can be rewritten as
where is any dependent variable. Equation (11) states that the flux form of the advection term expresses both exchange between the glacier wind and the ambient atmosphere (first term on the rhs), as well as horizontal advection within the katabatic layer (Manins and Sawford 1979) . Analogously, we can rewrite the third term between brackets in (8) and (9) and the first term between brackets in (7), which yields
Experimental setup
The Pasterze is the largest glacier of Austria, with a surface area of 19.8 km 2 and a length (in 1969) of 9.4 km (Bachmann 1978) . The general direction of the ice stream is northwest to southeast. During PASTEX, six meteorological masts stood along the center streamline of the glacier (Fig. 2) , ranging in elevation from 2075 m above sea level (ASL; site U1) to 3225 m ASL (site U5). An ice fall marks the sudden transition from the main accumulation area to the glacier tongue (Fig. 3) , above and below which the glacier surface has a fairly uniform slope. During the experiment, the surface consisted mainly of snow above the ice fall and of bare ice at the glacier tongue.
At sites U1-U5, short masts were deployed with two measurement levels for temperature, wind speed, and humidity (0.5 and 2 m). Site U1 was placed on bare soil just in front of the glacier, U2 and U3 were situated on the glacier tongue, U4 was in the accumulation area not far above the ice fall, and U5 was at the ridge ( Fig.  3) . At site A1, temperature, humidity, and wind were measured at eight levels (0.25, 0.5, 1, 2, 4, 6, 8, and 13 m). At this site, a tethered balloon sounded the lowest 500-1000 m of the atmosphere above the ice every day at 1200 UTC (1400 LT). During fair weather, the sounding frequency was intensified to once every 3 h. In this paper, we will use data of a fair weather period with frequent balloon soundings during both day and night (see next section). For a more detailed description of the experiment, the reader is referred to Greuell et al. (1994) .
Observations
All masts were operational from the period 24 June-9 August 1994. We used European Centre for MediumRange Weather Forecasts (ECMWF) analysis to calculate the geostrophic wind at the 500-hPa level. The daily mean 2-m wind speed at A1 and the 1200 UTC geostrophic wind speed at 500 hPa derived from ECMWF analysis are presented in Fig. 4 . The mountains that surround the Pasterze range in elevation between 2500 and 3500 m, the highest peak being the Grossglockner at 3770 m ASL. This means that the 500-hPa surface is about 1.5 km above the crests of the mountains, and the wind at that level should be representative of free atmosphere conditions. Although the geostrophic wind speed at 500 hPa shows large variations throughout the period (Fig. 4) , the wind speed just above the glacier surface at A1 is fairly constant. This indicates that the sheltered position of the glacier and the stable stratification of the boundary layer prohibited an effective exchange of air between the free atmosphere and the surface layer. Figure 5 shows the wind direction distribution and wind directional constancy (dc) of the near-surface wind at A1 and the geostrophic wind at 500 hPa. The wind directional constancy dc is defined VOLUME 36 as the ratio of vector-averaged wind speed and average absolute wind speed during a certain period-a value of 1 indicates that the wind blows from one direction all the time, and a value of 0 indicates random wind directions. Directional constancy of the wind is normally used as a climatic quantity, where 1 or several years of data are available. On the shorter timescales of weeks to several months, however, the directional constancy proves to be a convenient parameter for detecting local circulations. It should not be compared to the values that were presented by, for instance, Wendler et al. (1993) for Antarctic katabatic winds, where dc has been calculated for several years of data.
Clearly, the near-surface wind at A1 during PASTEX was of a katabatic nature, showing a dominant peak in the up-glacier direction of the slope (304, Fig. 2 ) and a very high directional constancy of 0.97. No significant correlation with the geostrophic wind direction was observed, the latter coming from random directions (dc 0.07). One period during the experiment (22 July-3 August, indicated by the arrow in Fig. 4 ) is characterized by weak geostrophic flow and relatively few clouds; under these conditions, we expect that the glacier wind developed favorably, so mast and balloon data that were collected during this period have been used in the present study. Figure 6 shows the average vertical profiles at site A1 of potential temperature, specific humidity, wind components, and directional constancy, based on 45 cabled balloon soundings performed during the period of fair weather. The balloon soundings were performed every 3 h and equally distributed over the day and night. Typical daytime temperature maxima above the bare ground that surrounds the glacier were 10-15C, creating large temperature gradients above the melting ice surface. The cooling effect of the melting glacier surface extended to some 100 m above the ice surface, which is an approximate measure of the depth to which turbulent exchange is active. A well-developed glacier wind flowed in the downslope direction, with a wind speed maximum of 4.5 m s 1 at 4-6 m above the surface and a very high directional constancy (Fig. 6) . The cross-slope wind component did not contribute significantly to the wind shear because the variation of wind direction within the katabatic layer was small.
a. Average vertical profiles during a fair weather period
Above the entrainment layer (the layer between h s H and h s h in Fig. 1 ), a valley wind was blowing with a typical strength of 1-2 m s 1 in a direction opposite to the glacier wind. The high wind directional constancy at the level above 300 m indicates that this was also a regular phenomenon (Fig. 6) . The layer between 100 and 300 m is the area in which the valley wind changes into a shallow mountain wind during the night, resulting in low values of the directional constancy (van den Broeke 1996b). During the daytime, the valley wind advects warm and humid air from the icefree valley, thereby increasing the temperature and moisture contrasts between the ambient atmosphere and the glacier surface. In fact, the ''undisturbed'' atmosphere overlying the glacier boundary layer during the daytime is a well-mixed, only moderately stable boundary layer that is advected from the ice-free valley floor.
We fitted a linear profile to the vertical potential temperature distribution between 200 and 400 m and obtained the background temperature distribution 0 (z) 306.3 0.0030z (dotted line in Fig. 6 , where z is the height measured in meters above the glacier), so 3.0 K km 1 . There is no variation of the specific humidity with height above the glacier boundary layer (Fig. 6) , so q 0. The background specific humidity is q 0 7.12 g kg 1 . From ECMWF analysis, we obtained an average value for the cross-slope geostrophic wind above the Pasterze, which was weak for the period under consideration: v g 0.9 m s 1 .
b. Near-surface observations during a fair weather period
Vertical profiles were only measured at site A1, so we must use mast observations to estimate the impor- tance of horizontal inhomogeneity (advection terms) in the budget equations. Figure 7 presents the average absolute values (so no deviations) of u 2 m , 2 m , and q 2 m , as well as their background (subscript 0) and surface (subscript s) values on the glacier tongue (note that in our analysis the difference between observed and background value is of importance, and not the absolute value). The horizontal variation of u 2 m , 2 m , and q 2 m between U2 and A1 does not exceed 10%, indicating that the katabatic layer is rather homogeneous horizontally.
We estimate the slope of the glacier at site A1 to be 5, so h s /x 0.087. This value is close to the average slope of the terrain 1 km in the upstream direction of site A1, as derived from Fig. 3 , which equals 0.089. To calculate the turbulent fluxes at the surface, we use Monin-Obukhov similarity theory, introducing the surface-layer scales u * , * , and q * , defined as
h s * * where u * , * , and q * have been calculated from the mean profiles. We follow the approach of Munro (1989) , who calculated the roughness length for heat and moisture z h from the expression derived by Andreas (1987) in order to obtain turbulent fluxes over Peyto Glacier in Canada. Furthermore, we used the stability corrections according to Duynkerke (1991a) . A constant aerodynamic roughness length at A1 of z 0 4.4 mm was used (W. Greuell 1994, personal communication) . The average values of u * , * , and q * were 0.24 m s 1 , 0.21 K, and 0.0094 g kg 1 , respectively. The average magnitude of the sensible heat flux thus obtained was r c p u * * 48 W m 2 , where r is the reference density and p the heat capacity of dry air at constant pressure. This is an order of magnitude larger than the latent heat flux r L v u * q * 6 W m 2 , where L v is the latent heat of vaporization. Note that both fluxes are directed toward the surface. Figure 7 shows that the gradients of u, , and q are small, so we can probably safely neglect the horizontal 
Application of the observations to the budget equations
Equation (14) states that, in horizontally homogeneous and stationary glacier flow, downslope momentum is generated by the katabatic force (KAT) and destroyed by interfacial stress (ENTR), thermal wind due to downslope thickening of the layer (TW), and surface friction (FRIC). The synoptic pressure gradient (SYN) can enhance as well as oppose the katabatic forcing, depending on the sign of v g . In this case, the downslope-directed synoptic pressure gradient was favorable for the katabatic wind, with an average cross-slope geostrophic wind speed v g 0.9 m s 1 . The thermodynamic equation (15) states that cooling of the air at the surface by the sensible heat flux (SENS) is balanced by the entrainment of warmer air from aloft (ENTR), while the three terms between brackets are associated with vertical advection of air along the background stratification (STRAT), either by moving along the sloping surface (STRAT 1) or by subsidence (STRAT 2). The third term (STRAT 3) is a correction that accounts for uneven distribution of momentum vertically. Because q 0, the STRAT terms vanish in (9) and the moisture budget (16) becomes especially simple; turbulent entrainment of moisture at the top of the katabatic layer (ENTR) is balanced by condensation at the surface through the turbulent flux of latent heat (LAT). The layer-integrated quantities for the mean profiles at A1 are listed in Table 1 for an integration depth of h 100 m. The resulting budgets, presented in the next section, do not change significantly if we take an integration depth of 150 m. 
a. Discussion of the budgets of momentum, heat, and moisture
Closure of the moisture budget [i.e., assuming the validity of the balance expressed in Eq. (16) Fig. 8 . The heat budget can be well described by the simple balance between downslope advection (STRAT 1) and cooling at the surface by the sensible heat flux (SENS). Entrainment (ENTR) and subsidence due to mass divergence (STRAT 2, STRAT 3) are small, as is the residual (RES). A large residual occurs in the downslope momentum budget. The sign of RES indicates that the katabatic forcing (KAT) is not entirely balanced by surface (FRIC) and interfacial stress (ENTR) alone. It is unlikely that this is caused by neglecting the horizontal advection because it is seen from Fig. 7 that the downslope wind speed increases with distance down the glacier. Inclusion of this term in the budget equation would therefore lead to an acceleration, rather than a deceleration, of the katabatic flow at A1. Two other effects that can account for the residual are discussed below.
1) MESOSCALE PRESSURE GRADIENT
In section 4a, we discussed the presence of a welldeveloped valley wind above the glacier wind layer. The valley wind is associated with a horizontal pressure gradient at the top of the glacier wind, forcing upslope winds in the ice-free part of the valley and over the glacier. This pressure gradient has not been included in the budget equations as a sink for momentum for the glacier wind. In order to compensate for RES in the momentum budget, this horizontal pressure gradient would have to be as large as 1 Pa km 1 (Fig. 8) . In a study of valley wind circulations in the Dischma Valley, Hennemuth and Schmidt (1985) presents values of the horizontal daytime pressure gradient in the range of 1-2 Pa km 1 , so typical mesoscale pressure gradients associated with the valley wind could very well be responsible for the residual in the momentum budget. There are two problems with this idea, however. At night, the pressure gradient above the katabatic layer reverses to force the mountain wind (van den Broeke 1996b), partly compensating for the daytime mechanism (unfortunately, not enough data are available to study the daily variation of the budgets). Moreover, the valley wind is an anabatic wind that can only develop above the ice-free part of the valley in response to an upwarddirected sensible heat flux at the surface (Defant 1951) . It is expected that the temperature gradient and associated pressure gradient decrease and finally vanish at some distance above the glaciated part of the valley, where the sensible heat flux is continuously directed downward. The slight increase of the glacier wind speed at sites U2 and U3 compared to A1 (Fig. 7) seems to confirm this mechanism and does confirm that the valley wind affects the katabatic circulation. Summarizing this paragraph, it appears that the valley wind could act as an important opposing factor for the glacier wind at the lower parts of the glacier, although it is hard to quantify its exact contribution to the momentum budget. A more detailed study of the horizontal temperature distribution above the katabatic layer is needed to confirm this idea.
2) INTERNAL GRAVITY WAVES
Another possible factor that is not accounted for in the present analysis is momentum transport by internal gravity waves. In the statically stable boundary layer, we expect that internal waves are excited at places in which wind shear is sufficiently large so that the gradient Richardson number, defined as
drops below a critical value of 0.25 (Stull 1988) . Figure  9 shows the mean profiles of wind and temperature deficit, Ri g , and the Brunt-Väisälä period, defined as 2 N 1 , where N is the Brunt-Väisälä frequency, defined asg
The absence of significant wind shear at the level of the wind speed maximum prohibits vertical exchange, which results in a strong thermocline (Fig. 9) , in accordance with observations by Munro and Davies (1977) and Holmgren (1971) . Just above and below the wind speed maximum, however, the wind shear is sufficiently large to form layers that are dynamically unstable (Ri g 0.25; Fig. 9 ). In these regions, we expect the formation of internal gravity waves or breaking Kelvin-Helmholtz waves at the density interface. The temperature and wind speed records observed in the surface layer confirm significant wave activity with a typical period of 30 min. Because internal gravity waves will reflect at the level at which the oscillation period equals the Brunt-Väisälä period (Duynkerke 1991b) , it can be judged from Fig. 9 that gravity wave activity will be constricted to the layer below approximately 15-20 m (at this height the Brunt-Väisälä period equals the typical oscillation period). This means that gravity waves that are excited below this level will not contribute to the momentum budget of our 100-m-deep integration layer. However, several more shear zones can be detected in the layer below the integration level of 100 m, which could contribute to the momentum budget. With the present data, it is not possible to detect gravity wave activity in these regions, so their contribution to the momentum budget as yet remains unknown.
b. Validity of the uniform flow approximation at A1
In a stable environment, we expect that the entrainment at the top of the glacier flow will entirely vanish at a certain distance down the slope along which the katabatic flow develops (Nappo and Rao 1987) . At this point, the flow assumes constant depth, speed, and temperature deficit, and consequently a constant surface heat flux. This flow type has been characterized by different names, such as ''uniform flow'' (Ball 1956), ''normal flow'' (Ellison and Turner 1959) , and ''equilibrium flow'' (Mahrt 1982) . In this flow limit, the stratification of the ambient air acts to decrease the temperature deficit of the layer when the air flows downslope, thereby decreasing the katabatic force. When the layer finally ceases to accelerate, entrainment and horizontal advection become small. A balance is then established between the terms KAT and FRIC in (14) and SENS and STRAT 1 in (15) . This condition was also VOLUME 36
imposed by Prandtl (1942) when he derived analytical vertical profiles of stationary slope wind, and it is therefore sometimes referred to as the ''Prandtl flow condition'' (Rao and Snodgrass 1981) . We will now turn to the question of whether this flow condition is met for the glacier wind at site A1.
If we assume that all the air participating in the katabatic flow at A1 (where the mass flux uh equals 191 m 3 s 1 ) results from entrainment along the center streamline of the glacier (x 7900 m), horizontal integration of the continuity equation yields the following averaged entrainment velocity along the glacier (for stationary flow w e ):
This value is significantly larger than the local entrainment rate of w e 0.73 cm s 1 that was obtained for site A1 in an earlier section. This indicates that entrainment at the top of the katabatic layer quickly decreases when going from the crest toward the lower parts of the glacier. This is in qualitative agreement with model studies of pure katabatic flow in a stably stratified ambient atmosphere (Nappo and Rao 1987, their Fig. 4) . Their study also showed that in a stable environment the entrainment entirely vanishes at a certain distance downslope-the flow assumes a constant depth, speed, and temperature deficit, and consequently a constant surface heat flux (i.e., conforms to the Prandtl flow condition). Mahrt (1982) derived an equilibrium length scale L e , where the flow assumes uniform character Table 1 , we find L e 8650 m, which approximately coincides with the position of A1 at the flowline of the glacier (Fig. 3) . We therefore expect the flow at A1 to be nearly uniform, which is consistent with the small entrainment velocity and the homogeneous horizontal distribution of near-surface variables. However, according to linear stability analysis, uniform flow is not a stable solution at site A1, so some entrainment is likely to persist throughout the domain of the glacier (appendix B).
Conclusions
The budgets of momentum, heat, and moisture of the katabatic wind layer over a large midlatitude glacier have been calculated for a fair weather period in summer. The horizontal distribution of temperature, humidity, and downslope wind speed close to the surface of the glacier indicate that neglecting horizontal advection is probably justified. Closure of the moisture budget at site A1, located at the lower part of the glacier, yields a value of the local entrainment velocity at the top of the katabatic layer of 0.73 cm s 1 . This w w e h h s is significantly smaller than the horizontally averaged entrainment velocity along the flow line of the glacier of 2.4 cm s 1 , which has been derived from horizontal integration of the continuity equation. This suggests a quick decrease of the entrainment velocity at the lower parts of the glacier, in agreement with laboratory and model studies. As expected, the momentum budget is dominated by the katabatic (buoyancy) force. The sum of surface and interfacial friction (with the ratio 3:1) balances only half of the katabatic force; the other half is most probably balanced by the mesoscale pressure gradient above the katabatic layer that forces the welldeveloped valley wind. The contribution of internal gravity waves to the momentum budget could not be quantified from the data that are available but is perhaps significant. Moisture is added to the katabatic layer by the entrainment of humid air from aloft and lost by condensation at the surface, but the fluxes of moisture are generally small. Heat is lost by the katabatic layer through the turbulent flux of sensible heat at the surface and gained by downward motion of the air along the sloping glacier surface. where w e is the entrainment velocity at level h s H, which for katabatic flow is often parameterized as a function of the layer Froude number using the expression of Ellison and Turner (1959) . The surface fluxes are often parameterized using bulk exchange coefficients such as the drag coefficient used in (19). The implicit definition of the depth scale H in (A5) ensures that the downslope fluxes of mass, momentum, and temperature deficit are conserved in the hydraulic model approach.
With the characteristic scales of the flow, we can define the internal Froude number of the flow in terms of the observed (layer integrated) quantities The internal Froude number can be regarded as an inverse layer Richardson number-it expresses the ratio of wind shear to the buoyancy production of turbulence. This expression provides an accurate way to calculate the Froude number of gravity winds from field observations. The values of the different scales, as observed at Pasterze Glacier at site A1, are listed in Table A1 . The values of the profile factors agree with those obtained from a model study by Nappo and Rao (1987) , although the value of S 2 is somewhat smaller. This can be attributed to the large momentum thickness of the katabatic layer as compared to the ''thermal'' thickness-that is, the thickness with significant temperature deviation (Fig. 6) . Also, the steady-state Froude number is consistent with the steady-state layer Richardson number of 0.4 obtained by Nappo and Rao (1987) Mahrt (1982) by a factor h H 1 . This stability requirement can be regarded as the layer-integrated equivalent of dynamic instability in simple shear flows. For these flows, Miles and Howard (1964) showed that regions in which Ri 0.25 are dynamically unstable for small perturbations, as Ri can be interpreted as an inverse Froude number. From (B1) and the values listed in Table 1 , we obtain F n 10.8 for site A1. Thus, according to linear stability analysis, it is expected that uniform flow is not a dynamically stable solution on the tongue of the Pasterze.
